[1] Winter and summer Mediterranean precipitation climatology and trends since 1950 as simulated by the newest generation of global climate models, the Coupled Model Intercomparison Project phase 5 (CMIP5), are evaluated with respect to observations and the previous generation of models (CMIP3) used in the Intergovernmental Panel on Climate Change Fourth Assessment Report. Observed precipitation in the Mediterranean region is defined by wet winters and drier summers, and is characterized by substantial spatial and temporal variability. The observed drying trend since 1950 was predominantly due to winter drying, with very little contribution from the summer. However, in the CMIP5 multimodel mean, the precipitation trend since 1950 is evenly divided throughout the seasonal cycle. This may indicate that in observation, multidecadal internal variability, particularly that associated with the North Atlantic Oscillation (NAO), dominates the wintertime trend. An estimate of the observed externally forced trend shows that winter drying dominates in observations but the spatial patterns are grossly similar to the multimodel mean trend. The similarity is particularly robust in the eastern Mediterranean region, indicating a radiatively forced component being stronger there. Results of this study also reveal modest improvement for the CMIP5 multi-model ensemble in representation of the observed six month winter and summer climatology. The results of this study are important for assessment of model predictions of hydroclimate change in the Mediterranean region, often referred to as a "hotspot" of future subtropical drying. Citation: Kelley, C., M. Ting, R. Seager, and Y. Kushnir (2012), Mediterranean precipitation climatology, seasonal cycle, and trend as simulated by CMIP5,
Introduction
[2] As a subtropical region, the Mediterranean region is expected to dry as a consequence of rising concentrations of greenhouse gases (GHG) [Intergovernmental Panel on Climate Change (IPCC), 2007]. As a thermodynamic consequence of increasing the atmospheric temperature, wet areas are expected to get wetter and dry areas, such as the subtropics, drier [Held and Soden, 2006; Seager et al., 2007 Seager et al., , 2010 . For the current century, the CMIP3 multimodel ensembles predicted a significant drying trend for the Mediterranean region [IPCC, 2007] . This "thermodynamic" subtropical drying is coupled with increasing precipitation in higher latitudes and circulation changes, primarily an expanding Hadley Cell and a poleward shift in the midlatitude storm tracks [Yin, 2005; Lu et al., 2007; Wu et al., 2011] . Even in the absence of any future changes in interannual variability, the long-term drying of the Mediterranean will lead to an increase in the likelihood of severe dry years, which would have important consequences for water resource in many Mediterranean countries, especially those already experiencing water insecurity. Whether a precipitation response to increasing radiative forcing has begun to emerge during recent decades, amid the often large natural interannual and multidecadal precipitation variability, is an open question, one that has been the subject of considerable debate [Feldstein, 2002; Schneider et al., 2003; Osborn, 2004; Kelley et al., 2012; Gillett et al., 2003; Thompson et al., 2003] .
[3] The previous generation of global climate models (GCMs) from the Coupled Model Intercomparison Project Three (CMIP3) was able to simulate the large-scale climatological features of Mediterranean region precipitation (see Figure 1 ). In the newest generation of global climate models, the CMIP5, in addition to other model advancements, increased spatial resolution potentially allows improved representation of the climatological pattern and amplitude associated with the complex physiography and orography of the region [Giorgi and Lionello, 2008] . With regard to the trend, the Mediterranean experienced a decline in precipitation since 1950 [Hurrell et al., 2003; Kelley et al., 2012] , which could be the result of a combination of low frequency multidecadal variability and response to external forcing via increasing GHG [Osborn, 2004; Kelley et al., 2012; Mariotti and Dell'Aquila, 2012; Hoerling et al., 2012] . The greater Mediterranean drying was not uniform however as there were some southern and eastern subregions that experienced a wetting trend during the second half of the 20th Century [Jacobeit et al., 2007] . This study intends to address how well the CMIP5 models simulate the observed Mediterranean precipitation climatology, seasonal cycle and trends, and to what extent we can trust the multimodel mean (MMM) trends as representing the externally forced trends.
Data and Methods

Data
[4] We use two high resolution (.5 degree by .5 degree) gridded datasets of observed precipitation over land, from the Climate Research Unit (CRU) version 3.1 [New et al., 1999 [New et al., , 2000 Jones and Harris, 2008] and the Global Precipitation Climatology Centre (GPCC) Full Data Product version 5 [Schneider et al., 2008] and compare with CMIP3 [Meehl et al., 2007] and CMIP5 [Taylor et al., 2012] global climate models.
[5] We use all available models from the CMIP3 and CMIP5 to create the MMM. In doing so we avoid any subjective bias associated with model selections. We use one run per model in forming the MMM to avoid bias toward any model. In the box plot, however, all model runs are included.
Methods
[6] In order to make spatial intercomparisons possible, all datasets and model outputs were first linearly interpolated to a common .5 Â .5 horizontal grid for the greaterMediterranean region (10W -50E, 20-60N). Due to the sparseness of observed station data prior to 1950 we perform all of the analysis with post 1950 data, with the exception of determining the external trend (detailed below). Trends are calculated via a linear least-squares fit to the time series at each grid point. For better comparison with observations, only precipitation over land is considered in this study.
[7] As in Kelley et al. [2012] , we employ a model-based S/N maximizing EOF analysis [Allen and Smith, 1997; Venzke et al., 1999; Chang et al., 2000; Ting et al., 2009 ] to obtain the externally forced precipitation signal. The S/N maximizing EOF is first applied to a CMIP5 multi-model ensemble (one run each) for 1900 to 2004 and uses the corresponding models' preindustrial experiments to represent the noise covariance. The technique uses the noise pattern to remove any intermodel differences, structural and temporal, as well as internal variability of the coupled systems that remain in the MMM, providing a maximized "signal". The gridded GPCC observed precipitation is then projected onto the S/N first principal component (PC1, or signal time series) for the entire period . The externally forced trend from 1950-2004 was then calculated from the reconstructed precipitation at each grid point. More details of the method can be found in the supplementary material.
Precipitation Climatology
[8] The six month cold and warm season averaged (NovApr and May-Oct, respectively), observed GPCC The coastal precipitation maximum in the winter half year is captured to some extent by the models, but at a much reduced amplitude. There are some improvements from CMIP3 to CMIP5 however, possibly due in part to the slightly enhanced spatial resolution in the recent generation models. As a result, the spatial pattern correlation (Pearson correlation) between the observed and modeled fields increases slightly from CMIP3 (0.83) to CMIP5 (0.86). For the summer, the agreement is better between models and observations with spatial pattern correlations of 0.95 for CMIP5 and 0.94 for CMIP3. The better agreement between models and observations in summer is mainly due to drier conditions along the Mediterranean coasts compared to winter. As a comparison, the two gridded data sets, CRU and GPCC, are correlated at 0.94 for winter and 0.97 for summer (See Figure S1 in the auxiliary material).
1 The Taylor diagram [Taylor, 2001] in Figure S1 compares more closely the individual models' simulations of the precipitation climatologies in winter and summer.
[9] To quantify the model spread and the seasonal cycle of the CMIP5 model simulated climatological rainfall, we show in Figures 2a-2d the box and whiskers diagram for four selected regions, the entire Mediterranean region, the western, northern, and eastern Mediterranean (areas outlined in Figure 1a ), for the four three-month seasons and the annual mean. The box edges indicate the 25% and 75% range of the model simulated climatological rainfall while the horizontal bar and red dot inside the box indicate the median and mean model rainfall, respectively, the two horizontal lines outside the box (whiskers) indicate the range of.35% and 99.65%, or +/À2.7 standard deviations for a normal distribution, and the asterisks show the GPCC observed rainfall. A total of 109 model runs are used from 23 available CMIP5 models (see auxiliary material, Table S1) in Figure 2 . In the four regions considered, the observed rainfall shows a clear seasonal cycle with maximum rainfall in the winter and minimum in summer, a characteristic of the Mediterranean climate. It is also clear that the transition seasons often contribute substantially to the annual rainfall total. The CMIP5 models simulate the seasonal cycle reasonably well, but the majority of the models underestimate the winter maximum and overestimate the summer minimum, thus underestimating the amplitude of the seasonal cycle. Compared to CMIP3 (not shown), the CMIP5 model climatologies are wetter in each season and annually, representing improvement relative to the observed with the notable exception of summer, in which case CMIP5 overestimates the summer rainfall more than CMIP3. The CMIP5 models show a larger spread in summer compared to other seasons, despite a higher spatial pattern correlation between MMMs and observations in summer. It is unclear why the intermodel agreement is less during summer. One possibility is that summer precipitation is due less to the large scale circulation but rather is caused by convective processes and therefore is more sensitive to each model's physical parameterization scheme. Overall, the climatological rainfall over the Mediterranean region is well simulated by the CMIP5 models. We next examine the rainfall trends simulated in these models.
Precipitation Trends
[10] The rainfall trends for the period from 1950 to 2004 in the CMIP5 models as compared to observations are summarized in Figures 2e-2h . For the entire Mediterranean region (top right), the mean and median of all models show a modest drying throughout the seasonal cycle with the largest drying trend in spring. But the observed trend shows a large seasonal cycle, ranging from a substantial drying in winter to a wetting trend in autumn. The winter observed rainfall trend for the 55 year period is significant (hereafter indicates a 90% confidence interval) and larger than 99.65% of the model trends, with an almost 10 mm/month reduction, or about 17% of the total winter season rainfall. For the rest of the seasonal cycle the difference between the observed trend and the model mean trend is smaller, although autumn season precipitation shows a wetting trend (not significant) outside of the middle half of the model predictions. The model underestimation of the observed winter drying comes mainly from the northern and western Mediterranean regions, where the winter observed trends were significant, and less so from the eastern Mediterranean. The largest discrepancies between the observations and models occur in the regions and seasons with strong observed trends. The difference between the models and observations in the autumn trend is dominated by the eastern Mediterranean region, where the observed trend was significant.
[11] Kelley et al. [2012] examined the observed winter precipitation trends for the period 1960 to 2000 and determined the contribution to the total trend from the externally forced (estimated based on CMIP3 simulations) and the natural component (residual). They conclude that the externally forced trend is distinctive in its spatial pattern compared to the pattern of internal climate variability. The discrepancies between modeled and observed winter trends in Figure 2 may indicate that the observed drying was dominated by multidecadal internal variability, such as that seen in the North Atlantic Oscillation (NAO), rather than external radiative forcing. As shown in previous studies [e.g., Kelley et al., 2012; Giorgi and Lionello, 2008] , the individual models' multidecadal internal variability may have differing frequency from the 20th Century observations thus producing different internal multidecadal trend. To further examine the externally forced and the total observed trend, we show the total and externally forced (discussed more below) observed trend for 1950-2004 in Figures 3a-3d for winter and summer half years. The winter total observed trend ( Figure 3a) shows a significant drying over the western and northern Mediterranean, consistent with Figure 2 , coupled with significant wetting trend in northern Europe. This pattern resembles the precipitation anomalies associated with the NAO [Hoerling et al., 2012] , thus suggesting the natural variability as a likely cause. The summer observed trend (Figure 3b) is weaker, and has a significant wetting trend around and north of Black Sea. We follow the technique in Kelley et al. [2012] and estimate the externally forced precipitation trend due to radiative forcing using the signal to noise maximizing EOF PC1 obtained from the CMIP5 multimodel ensemble for the period 1900 to 2004 (see auxiliary material for details). The estimated GPCC externally forced trend for the winter and summer half years, constructed based on the S/N PC1 ( Figure S2 , bottom left), are shown in Figures 3c and 3d . The externally forced trend in Figure 3c is much reduced compared to the total trend over the western and northern Mediterranean coasts, but slightly larger in the eastern coasts. This result is consistent with Kelley et al. [2012] , which focused on a period that is dominated by a positive NAO trend (1960 NAO trend ( -2000 and thus the total precipitation trend is more dominated by natural variability than indicated in Figures 3a and 3c . The close resemblance between the observed total and external trends in Figure 3c , however, suggest that the method of estimating the external trend may not be able to remove entirely the trend associated with the NAO-related multidecadal precipitation variability. Over the eastern Mediterranean, the strong externally forced drying there indicates a more likely external cause. The summer observed external trend, while showing a (Figures 2a and 2e) , western (Figures 2b and 2f) , northern (Figures 2c and 2g ) and eastern (Figures 2d and 2h ) Mediterranean region. consistent pattern of drying along most of the Mediterranean coasts, exhibits a much weaker amplitude throughout the region than its winter counterpart. The most significant observed drying in summer occurs south and east of the Black Sea, in Turkey.
[12] The CMIP5 MMM trend pattern (Figures 3e and 3f ) shows a much weaker drying throughout the Mediterranean region (notice the reduced color scale) compared to the observations, consistent with Figure 2 . There is a general agreement between the observed and modeled winter trends in that both have maxima on the western and eastern Mediterranean coasts. However, the maximum over the northern coasts is largely missing from the MMMs. For the summer half year, while the amplitude of the MMM trend is smaller than observed, the difference in amplitude between MMM trend and observed trend is not nearly as large as in winter. There is some correspondence between model and observations in summer drying over Turkey with the exception of eastern Turkey which experienced an observed wetting trend. Over Spain, the MMM has a stronger drying trend in summer compared to observations whereas Portugal shows observed wetting.
[13] It is interesting that the best agreement between CMIP5 MMM trends and the observed trends in both half years is in the eastern Mediterranean region (Figure 3 ). This is also true in Figure 2 , where the eastern Mediterranean observed trend is closer to the model mean than any of the other regions. This indicates that the eastern Mediterranean may have the most significant externally forced drying trend. The greenhouse forcing of the eastern Mediterranean drying is also implicated in Hoerling et al. [2012] , where they show that a global uniform warming, and a differential warming, either meridional (tropics versus midlatitudes) or zonal (Indian Ocean versus Pacific), of sea surface temperature (SST) can lead to strong eastern Mediterranean drying. Hoerling et al. [2012] suggest that the regional drying is accomplished primarily through a teleconnection linking global SST warming to increases in subtropical atmospheric high pressure, which in turn reduces cyclogenesis in the eastern Mediterranean basin. Trigo et al. [2010] also explain the recent drought in the Fertile Crescent, the most intense since the 1940s, with dominant high pressure that inhibited synoptic activity over the eastern Mediterranean Sea and favored dry air advection to the region from the northeast. The atmospheric response to the Hoerling et al. [2012] Indian Ocean differential warming experiment has a zonally symmetric expression resembling an expanding Hadley Cell and poleward migration of the storm tracks. Because the eastern Mediterranean is also a region of great water stress, for example in Turkey, Syria and Iraq, and because the future drying due to greenhouse warming will inevitably further deteriorate water availability, it is of vital importance to understand the mechanisms which govern the precipitation change there.
Summary
[14] Using the newest global climate models from the new CMIP5 collection, we show that the Mediterranean precipitation climatology is generally well simulated in both spatial pattern and seasonal cycle. All models simulate the winter maximum and summer minimum in precipitation but the model mean and median slightly underestimate the amplitude of the seasonal cycle. There is a modest improvement of the CMIP5 climatology over CMIP3, possibly because of improved horizontal resolution.
[15] In contrast, the Mediterranean precipitation trends of the last half century in the CMIP5 MMMs and the observations differ significantly, particularly in winter and over the northern Mediterranean region. The CMIP5 MMM trend indicates a modest drying throughout the seasonal cycle, with the strongest drying in the March, April and May spring season. The observed trend, on the other hand, shows a predominantly winter drying. It is not entirely clear what causes this discrepancy, although there is an indication that the strong observed winter drying may be due to multidecadal natural variability [Kelley et al., 2012] . Our estimate of the externally forced trend in observations also shows a predominant winter drying over the region. There is a reasonable agreement in the spatial patterns of the CMIP5 MMM trend and the observed trend over the eastern Mediterranean region, more so in winter than summer.
[16] The modest agreement in spatial patterns between modeled and the observed external trends leads us to further conclude that the radiatively forced portion of the precipitation trend has only begun to emerge relative to natural variability on multidecadal timescales, but that its influence is likely to grow in the future as the forcing increases. Future decreases in Mediterranean region precipitation brought on by global warming, even in the absence of any changes to the internal variability, will have important consequences, reinforcing the need for further research and better understanding of the mechanisms driving the region's hydroclimate. The CMIP5 model ensembles will likely prove a useful tool to this effect.
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